Progesterone produced in response to the midcycle gonadotropin surge is essential for ovulation and luteinization of the primate follicle. Because cell-cycle arrest is associated with the initiation of luteinization, this study was designed to determine the dynamics and regulation of granulosa cell proliferation by gonadotropin and progesterone during the periovulatory interval in the primate follicle. Granulosa cells or ovaries were obtained from macaques undergoing controlled ovarian stimulation either before (0 h) or as long as 36 h following the administration of an ovulatory hCG bolus with or without a 3␤-hydroxysteroid dehydrogenase inhibitor with or without a nonmetabolizable progestin. The percentage of cells staining positive for Ki-67, a nuclear marker for cell proliferation, decreased (P Ͻ 0.05) within 12 h of hCG administration in a steroid-independent manner. Levels of cyclin D2 and E mRNA did not decline during the periovulatory interval; however, cyclin B1 mRNA was reduced significantly by 12 h. Steroid depletion increased (P Ͻ 0.05) cyclin B1 mRNA at both 12 and 36 h posthCG and was reversible by progestin replacement at 36 h. The cyclin-dependent kinase inhibitor p21
INTRODUCTION
Cell proliferation or progression through the cell cycle [1] is controlled by stimulatory and inhibitory factors. Cyclins promote cell-cycle progression by interacting with specific cyclin-dependent kinases (cdk) to induce phosphorylation of target proteins. Cyclin D/cdk4,6 is essential for the early transition through the first gap phase of the cell cycle (G1), whereas cyclin E/cdk2 is important in movement across the G1/DNA synthesis (S) boundary. Cyclin B/cdk1 activity is associated with the second gap phase (G2) exit and mitosis [1] . The activity of these complexes is inhibited through interaction with specific proteins termed cyclin-dependent kinase inhibitors (CKI). Two groups of CKI have been characterized to date, the Ink4 and the Cip/Kip families, both of which have broad substrate specificity [1] . Whereas many current concepts regarding control of the cell cycle have emerged from studies of cancer cells [2] , investigators are examining their relevance to cycles of cell proliferation and differentiation in normal tissues, including follicular growth and luteinization in the ovarian cycle [3] .
Follicle rupture and formation of the corpus luteum is the end result of a cascade of events initiated by the ovulatory gonadotropin surge. In nonprimate species, luteinization of granulosa cells is associated with reduced proliferative capacity [4] [5] [6] [7] , and this may be an obligatory step in formation of the corpus luteum. Recent gene knockout models have provided valuable information regarding the function of key cell-cycle regulatory machinery during follicle growth and differentiation. Notably, granulosa cells from cyclin D2
Ϫ/Ϫ mice are unable to proliferate in response to FSH, although they do luteinize following an LH bolus [8] . In contrast, ovarian follicles grow normally following FSH stimulation in p27-null animals, but luteal cells continue to proliferate following an ovulatory stimulus [9] . Follicles from cdk4-deficient mice develop and luteinize normally, but they display impaired ovulation [10] . Thus, as Robker and Richards [6] have suggested, follicular growth, differentiation, and ovulation require the coordinated actions of cyclins, cdk, and CKI.
An ovulatory stimulus in rodent species attenuates granulosa cell proliferation [3] , but this same action of gonadotropins has not been well established in species with a long periovulatory interval and a functional luteal phase, such as primates. Nor is it known if this action is a direct effect of the gonadotropin surge or is mediated by locally produced intrafollicular factors. In all mammalian species examined to date, LH-stimulated progesterone is essential for ovulation (e.g., mouse [11] , rat [12] , ewe [13] , monkey [14] ), but to our knowledge, relatively few studies have addressed the possibility of a function for this steroid in early luteal formation and function. A role for progesterone was suggested by Chaffkin et al. [15, 16] , who showed that progesterone inhibited in vitro proliferation of human granulosa cells obtained following an ovulatory stimulus. Progesterone also exerts significant cell-cycle control in breast cancer cells via the regulation of specific cell-cycle components [2, 17] .
The goals of the present study were to determine the time course of changes in the proliferation of granulosa cells from preovulatory follicles following an ovulatory stimulus in primates undergoing controlled ovarian stimulation and its regulation by gonadotropins versus progesterone. Granulosa cell proliferation was assessed with Ki-67 immunohistochemistry, and mRNA levels of cyclins B1, D2, E as well as cdk inhibitors p21 Cip1 and p27 Kip1 were used as markers of gonadotropin and progestin regulation of cell-cycle machinery.
MATERIALS AND METHODS

Animals
The general care and housing of monkeys at the Oregon Regional Primate Research Center (ORPRC) was described previously [18] . Animal protocols and experiments were approved by the ORPRC Animal Care and Use Committee, and studies were conducted in accordance with the Guide for the Care and Use of Laboratory Animals [19] . Adult female rhesus monkeys were treated with recombinant human (r-h) gonadotropins (r-hFSH Ϯ r-hLH for 9 days; Laboratoires Serono SA, Aubonne, Switzerland) to promote the development of multiple preovulatory follicles. Antide (Serono) was also administered daily to prevent an endogenous LH surge, as described in detail elsewhere [20] . Animals were assigned randomly to receive no ovulatory stimulus or 1000 IU of r-hCG (single injection i.m.; Serono) to initiate periovulatory events. Ovaries were removed or follicles greater than 4 mm aspirated during laparotomy of anesthetized animals either the morning after the last LH/FSH treatment (0 h) or 12 and 36 h following administration of 1000 IU of r-hCG (n ϭ 4, 3, and 3 monkeys/time point, respectively). An additional group of monkeys (n ϭ 3 per time point) was stimulated in an identical fashion but also received the 3␤-hydroxysteroid dehydrogenase (3␤-HSD) inhibitor trilostane (TRL; Sanofi Research Division, Malvern, PA) orally (1 g in 8 ml of orange Kool-Aid [Kraft General Foods, Inc., White Plains, NY] containing 1% [w/v] gum tragacanth [Sigma, St. Louis, MO]) beginning 4 h before hCG administration and for every 12 h thereafter until the time of ovariectomy. A third group of animals (n ϭ 3 per time point) received TRL plus the nonmetabolizable progestin R5020 (2.5 mg in sesame oil s.c. once daily starting at the time of hCG; Promegestrone; DuPont/NEN, Boston, MA). We have shown previously that this treatment suppresses completely the periovulatory rise in intrafollicular progesterone concentration and blocks ovulation, and that coadministration of R5020 with TRL is sufficient to restore ovulation [14, 21] .
Immunohistochemistry for Ki-67
Following ovariectomy, half of one ovary was microwaved in 0.5 ml of Hanks balanced salt solution for 7 sec, then chilled on ice in 10% sucrose dissolved in 0.1 M PBS, embedded in Tissue Tek II Optimal Cutting Temperature mixture (OCT; Miles, Inc., Elkhart, IN), frozen in liquid propane, and cryosectioned at 15 m. The remaining ovary was processed for other studies [22] . The proportion of granulosa cells entering the cell cycle was determined as previously reported using Ki-67 antigen, a nuclear matrix protein expressed in proliferating but not in quiescent cells [23] [24] [25] . Cryosections were microwaved for an additional 3 sec before fixation (15 min at 4ЊC) in 2% (w/v) paraformaldehyde, 1.22% (w/v) picric acid, 1.5% (w/v) polyvinyl-pyrrolidone (PVP), and 0.1 M phosphate buffer (pH 7.3). Postfixed tissues were then treated with 85% (w/v) ethanol/1.5% (w/ v) PVP, followed by PBS/1.5% PVP. Sections were rinsed with 0.37% glycine in PBS/PVP to eliminate aldehyde groups, and after additional PBS/1.5% PVP rinses, tissues were incubated with glucose oxidase (Sigma) to quench endogenous peroxidase activity at a concentration of 1 U/ ml for 45 min at 4ЊC. The tissues were washed in PBS/1.5% PVP/0.1% (w/v) gelatin and incubated in 2% normal horse serum for 20 min. Pretreatment of tissues with avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA) was used to block endogenous biotin or biotin-binding proteins (15 min each of biotin and avidin). Incubation with a specific monoclonal antibody to Ki-67 (10 pg/l; Dako Corp., Carpinteria, CA) was performed overnight at 4ЊC. Controls included the use of an irrelevant primary antibody against timothy grass pollen [25] . Tissues were rinsed with PBS/0.1% gelatin/0.075% (w/v) BRIJ 35 (lauryl ether; Sigma) and blocked with additional horse serum for 20 min before incubation with the biotinylated horse anti-mouse IgG (1:100 dilution) for 30 min at room temperature. Detection of the biotinylated secondary antibody was performed using avidin-biotin peroxidase (Vector) for 60 min at room temperature. After subsequent washes with PBS/0.1% gelatin and 0.038 M Tris buffer, sections were treated with 0.025% diaminobenzidine tetrahydrochloride (Dojindos DAB; Wako Chemicals, Richmond, VA) in 0.038 M Tris buffer and 0.001% (w/v) H 2 O 2 (pH 7.6). Sections were rinsed several times with water and then exposed to 0.026% (w/v) osmium tetroxide for 1 min to increase stain intensity, followed by washes with water before postfixation in 2% paraformaldehyde/1.22% picric acid. Slides were then rinsed with several changes of water and counterstained with hematoxylin for 15 min. Sections were dehydrated in a graded series of ethanol, cleared with xylene, and cover-slipped.
The percentage of Ki-67-positive granulosa cells was determined by averaging the proportion of positive cells from four regions (100 cells/ region) within healthy, large antral (diameter, Ն4 mm) follicles (excluding cumulus cells). Data from individual follicles were pooled among animals within a treatment and expressed as the percentage (mean Ϯ SEM) of Ki-67-positive granulosa cells per treatment group (n ϭ 3-9 follicles/treatment group).
Total RNA Isolation and Reverse Transcription-Polymerase Chain Reaction
Granulosa cell isolation and reverse transcription-polymerase chain reaction (RT-PCR) are described in detail elsewhere [26] . The concentration of MgCl 2 , primers, cDNA, and the number of cycles were determined empirically as part of the validation process. Temperature profile of the PCR was denaturation at 94ЊC for 30 sec, annealing at 60ЊC for 1 min, and extension at 72ЊC for 1 min. Primers sequences were as follows: cyclin D2, up: 5Ј-TCATGACTTCATTGAGCA, dn: 5Ј-CACTTCCTCATCCTG-CTG [27] ; cyclin B1, up: 5Ј-GAAGTGACTGGAAACATG, dn: 5Ј-AG-TATGTTGCTCGACATC [27] ; cyclin E, up: 5Ј-AATAGAGAGGAAGT-CTGG, dn: 5Ј-AGATATGCAACCTGCATG [27] ; p27, up: 5Ј-AGGATG-TCAGCGGGAGCCGG, dn: 5Ј-CTTCTTGGGCGTCTGCTCCA [28] ; and p21; up: 5Ј-ACTGTGATGCGCTAATGGC, dn: 5Ј-ATGGTCTTCC-TCTGCTGTCC [29] . Aliquots of each PCR reaction were electrophoresed through a 2% agarose Gel stained with 0.1 G/ml of ethidium bromide. Gels were visualized on an ultraviolet transilluminator, photographed using 667 Polaroid (Cambridge, MA) film, and the photographs analyzed by densitometry. All values were normalized to the internal standard glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [26] . Validation of the RT-PCR assay was performed using RNA from granulosa cells aspirated 27 h following hCG during routine in vitro fertilization (IVF) protocols [18] (data not shown). The amount of coamplified product for experimental and internal standard primer sets was linear and parallel with increasing amount of cDNA, and both sets of primers were in the exponentially increasing phase relative to the number of cycles. To control for interassay variability, total RNA from granulosa cells of three monkeys was combined and reverse transcribed as described to form a pool that was amplified in triplicate during each PCR with the appropriate set of primers. The coefficient of variation calculated using the triplicate pool samples was typically less than 15%. Sequence analysis by the Molecular and Cellular Biology Core Laboratory at the ORPRC confirmed the identity of the PCR products. Because data for each set of primers was collected in two to three rounds of PCR reactions, the pool triplicates were also used to normalize data between reactions.
Statistical Analysis
The percentage of Ki-67-positive granulosa cells was analyzed by oneway ANOVA followed by the Newman-Keuls test. To test for heterogeneity of variance, RT-PCR data were subjected to a Bartlett 2 test and subsequently transformed (to logϩ2) before analyses. Control values at various time points were analyzed by one-way ANOVA followed by Newman-Keuls test for comparison between means. Because TRL and TRL ϩ R5020 data were collected at only 12 and 36 h post-hCG, separate comparisons were made between treatments within a time point for both Ki-67 and RT-PCR data by one-way ANOVA followed by Newman-Keuls test. Differences were considered to be significant at P Ͻ 0.05. Values are presented as the mean Ϯ SEM.
RESULTS
Ki-67 Immunocytochemistry
The Ki-67-positive cells were detected in the granulosa and theca layers of healthy follicles before and throughout the 36-h interval after administration of an ovulatory hCG stimulus (Fig. 1, A and B) . The use of anti-timothy grass pollen in place of anti-Ki-67 resulted in the absence of DAB precipitate (data not shown). No differences in Ki-67 staining were noted with respect to mural versus antral granulosa cells at any time point. Whereas many cells in the granulosa layer stained positive for Ki-67, fewer cells (Fig. 1A) .
Approximately half the total cells in the granulosum before an ovulatory stimulus were Ki-67-positive (Fig. 1C) . The percentage of Ki-67-positive granulosa cells decreased significantly by 12 h (P Ͻ 0.05) and remained at this level 36 h post-hCG. Treatment with trilostane did not change the percentage of Ki-67-positive cells 12 h post-hCG. However, by 36 h, Ki-67-positive granulosa cells were not observed following TRL treatment (P Ͻ 0.05), whereas R5020 returned the percentage of positive cells to control levels.
Cyclin mRNA
Cyclin D2 mRNA was detectable by RT-PCR in granulosa cells before hCG administration and increased modestly (1.8-fold, P Ͻ 0.05) by 12 h after an ovulatory stimulus (P Ͻ 0.05) (Fig. 2A) . By 36 h post-hCG, cyclin D2 mRNA levels were not different from those at the 0-or 12-h time points. Administration of TRL with or without R5020 did not alter cyclin D2 mRNA levels at 12 or 36 h.
Cyclin E mRNA was also present in all samples before hCG administration and levels did not change following the ovulatory stimulus (Fig. 2B ). Steroid depletion increased cyclin E mRNA 12 h post-hCG (P Ͻ 0.05), whereas R5020 returned levels to those of time-matched controls. Steroid depletion tended (P ϭ 0.09) to increase levels at 36 h, but TRL with R5020 resulted in mRNA levels not different from those of time-matched controls or TRL treatment groups.
In contrast, cyclin B1 mRNA levels were highest in granulosa cells before hCG administration and declined threefold by 12 h post-hCG (P Ͻ 0.05) (Fig. 3, A and B) . Steroid depletion following TRL treatment resulted in significantly elevated levels of cyclin B1 mRNA 12 h after hCG administration (P Ͻ 0.05), although R5020 did not reverse this effect. Cyclin B1 mRNA tended (P ϭ 0.14) to increase 36 h after hCG with TRL administration, whereas TRL with R5020 treatment resulted in a significant decrease versus TRL alone (P Ͻ 0.05).
p21 and p27 mRNA Levels
Granulosa cell levels of p21 mRNA increased ninefold by 12 h (P Ͻ 0.05) (Fig. 4A ) and were intermediate between 0-or 12-h values at 36 h. Steroid depletion did not alter p21 mRNA levels at 12 or 36 h, although at 12 h, TRL with R5020 tended (P ϭ 0.08) to reduce mRNA levels.
In granulosa cells aspirated before an ovulatory stimulus, p27 mRNA was detectable by RT-PCR in only one of four samples (Fig. 4B) . Whereas p27 mRNA levels did not change between 0 and 12 h post-hCG, these levels did increase by 22-fold near the expected time of ovulation (36 h) relative to 12-h samples (P Ͻ 0.05). Depletion of steroids with TRL increased p27 mRNA levels 12 h after an ovulatory stimulus, an effect that R5020 replacement completely reversed. However, whereas TRL resulted in highly variable levels of p27 mRNA levels at 36 h, the addition of R5020 resulted in a significant reduction in mRNA levels compared to the 36-h control group (P Ͻ 0.05).
DISCUSSION
The developing primate corpus luteum increases in size following an ovulatory stimulus due primarily to cell hy- pertrophy rather than hyperplasia [16, 24, 25, 30] . Although exit of granulosa cells from the cell cycle is a hallmark of luteinization in nonprimate species [3, 31] , little is known regarding the control of primate granulosa cell proliferation following an ovulatory stimulus. In the present study, we established that nearly half the granulosa cell population before an ovulatory stimulus is proliferative, whereas less than 10% remain so within 36 h of an hCG bolus. The reduction in proliferation is not steroid-dependent but, rather, is initiated by the ovulatory gonadotropin bolus. The reduction in granulosa cell proliferation following hCG administration is associated with a complex and diverse set of changes in mRNAs encoding various components of cell-cycle machinery, with early (12 h) changes in cyclin B1 and p21 and a later (36 h) increase in p27 mRNA. Notably, specific mRNAs for cell-cycle components are gonadotropin-and steroid-dependent, including cyclin B1 and p27, whereas others (e.g., p21) are gonadotropin-dependent but steroid-independent. Due to extremely limited amounts of tissue, only mRNA levels of the various cyclins and CKI were determined. Future studies will address issues of protein levels and phosphorylation states.
In primates, granulosa cells exit the cell cycle within 12 h of an ovulatory gonadotropin stimulus. Exactly how soon granulosa cells cease dividing following receipt of the ovulatory signal is not known, but it is probable that this represents one of the first steps in the initiation of luteinization. In species with a short periovulatory interval relative to that of primates (e.g., rat), granulosa cells exit the cell cycle within 4 h of the ovulatory stimulus [3] . Regardless, approximately 10% of granulosa cells in primates remain Ki-67-positive 36 h after the hCG bolus. Consistent with these data, 5% to 15% of nonendothelial cells in early corpora lutea of macaques, marmosets, and humans are proliferative but do not express 3␤-HSD [32] [33] [34] . These cells may represent, at least in part, a subset of granulosa cells that enter the cell cycle and arrest in G1, perhaps due to increased p21, fail to luteinize in response to hCG and, thus, do not express 3␤-HSD [20] ; or are proliferating granulosa-lutein cells that do not synthesize progesterone during the cell cycle [34] .
Notably, levels of cyclin D2 mRNA do not decline in granulosa cells following an ovulatory stimulus in rhesus monkeys undergoing controlled ovarian stimulation. Cyclin D/cdk4,6 complexes phosphorylate retinoblastoma protein (pRb), resulting in activation of the E2F transcription factor and passage through G1 and G1-S transition [1, 35] . The expression of cyclin D2 mRNA in primate granulosa cells before the ovulatory stimulus is consistent with the proliferative action of this gene product [8] , although the persistent expression after hCG administration is surprising. It is noteworthy that preliminary studies using immunohistochemistry for cyclin D2 parallel the mRNA studies presented herein (data not shown), suggesting that cyclin D2 protein levels do not change following hCG. This, however, does not rule out posttranslational changes to cyclin D2 that could result in reduced activity. It is interesting to note that in rats, cyclin D2 is rapidly down-regulated in granulosa cells following an ovulatory stimulus [6] . This may represent either a species difference, a posttranslational level of control in the primate, or relate to changes in cellular localization. The issue of species difference is especially relevant, because granulosa cells from rats do not express cyclins D1 and D3 whereas mice and primates do [6, 7] (unpublished data). Regardless, data from the current study do not indicate reduced expression of cyclins (D2 and E) controlling G1-S transition following the ovulatory hCG bolus in primates. Rather, cyclin D2 mRNA levels are moderately increased at 12 h post-hCG. Evidence from human fibroblasts suggests that contact inhibition of proliferation is associated with increased expression of cyclin D [36] . The granulosum in primates does not expand until 24 h after hCG [22] ; thus, cyclin D2 may function to progress the cell cycle before hCG and to inhibit it through a contact-mediated mechanism during the periovulatory interval. Alternatively, levels of cyclin D2 may be related to the 10% of Ki-67-positive granulosa cells observed following the ovulatory stimulus, thus continuing to function in a proliferative capacity.
Similarly, levels of cyclin E mRNA do not change in granulosa cells during the periovulatory interval in primates. Like cyclin D2, cyclin E facilitates G1-S transition, although in the rat model, cyclin E is not down-regulated until 48 h after hCG [3] . Cyclin E is hypothesized to act in a feedback manner to phosphorylate pRb, thus activating the E2F transcription factor, which in turn increases transcription of cyclin E [35] . Interestingly, mRNA levels of another cyclin E substrate, the phosphatase CDC25A, are also unchanged in macaque granulosa cells following hCG (unpublished data). The lack of change in levels of cyclin D2, cyclin E, and CDC25A collectively suggest that pRb expression/activity is not altered following an ovulatory bolus in primates. This is consistent with a report that pRb is expressed in large antral follicles as well as early corpus luteum in humans [37] . In contrast, phosphorylated pRb is absent from granulosa cells 72 h post-hCG in mice [7] , suggesting important species differences. It is possible that loss of granulosa cell proliferation following the ovulatory stimulus in primates is mediated by other G1-arresting mechanisms, such as through a reduction in c-Myc [38] . Alternatively, the observation that mRNA levels do not change could reflect translational regulation, although substantial evidence exists demonstrating transcriptional regulation of cyclins in breast cancer cells [39] .
In contrast, cyclin B1 mRNA levels in granulosa cells of macaque periovulatory follicles were significantly reduced following hCG administration. This cyclin facilitates the G2-M transition and, thus, represents an important FIG. 5 . Schematic of changes to mRNA levels for components of the cell cycle in primate granulosa cells following an ovulatory gonadotropin stimulus. Solid lines are known relationships, and dashed lines are relationships hypothesized based on the present data and those of other studies. Note that the ovulatory gonadotropin stimulus appears to increase the cell-cycle inhibitors in a time-and, possibly, steroid-dependent manner, whereas steroids (estrogen/androgen, E/A; progesterone, P) influence the expression of cyclins B1 and E but not cyclin D2.
checkpoint for completion of the cell cycle [1] . Cyclin B plays a role in progestin-induced G1 arrest in T47D-YB breast cancer cells [40] as well in proliferation of uterine endometrial cells [41, 42] , supporting the hormonal regulation of this gene. It is noteworthy that the percentage of human luteinizing granulosa cells in S, G2, and M phases is reduced compared to cells obtained before an ovulatory gonadotropin bolus [5] . Thus, we hypothesize that luteinizing granulosa cells are arrested in G1, partly by reduced expression of cyclin B1.
Depletion of intrafollicular steroids does not play a significant role in the early (12 h) decline in granulosa cell proliferation in the macaque periovulatory follicle. Nevertheless, evidence is convincing that steroids (notably progesterone) may influence granulosa cell proliferation through regulation of specific components of the cell cycle. Interestingly, a role for steroids in the control of proliferation has been shown in many endocrine systems, including the ovary. For example, progesterone has antiproliferative actions in cultured human luteinizing granulosa cells [15, 16] , although culture of granulosa cells obtained during IVF protocols (i.e., after an ovulatory stimulus) likely results in a phenotype more closely resembling luteal cells rather than periovulatory granulosa cells. In contrast, steroid depletion results in the complete absence of Ki-67-positive granulosa cells in macaque follicles by 36 h post-hCG. We recently observed that steroid depletion increases the percentage of atretic follicles 36 h post-hCG, an effect fully reversible by R5020 [22] . The attenuation of Ki-67 expression may thus be associated with the high percentage (70%) of atretic follicles rather than with a direct regulation of proliferation by steroids. Alternatively, progesterone may permit or promote proliferation of a subpopulation of granulosa cells during luteal development [2] .
The mechanism of progesterone control of proliferation appears to be via regulation of components of the cell cycle. Ample evidence exists that progesterone alters the expression of cyclins D and E as well as cyclin E/cdk2 activity in breast cancer cells [17] , mouse uterine epithelial cells [43] , and human endothelial cells [44] . Consistent with these data, progesterone limits the expression of cyclin E mRNA following hCG in primate granulosa cells. This may represent a balance between gonadotropin-stimulated and progestin-suppressed cyclin E expression and may facilitate G1 arrest. Similarly, cyclin B1 mRNA levels are strongly steroid regulated in granulosa cells following an ovulatory stimulus. The initial (12 h) suppression of cyclin B1 appears to be by androgen or estrogen, because R5020 does not return values to control levels. We have reported previously that androstenedione and estradiol levels in follicular fluid rise between 0 and 12 h after hCG, making these steroids possible early regulators of cyclin B1 [20] . Consistent with this concept, estrogen induces degradation of cyclin B1 mRNA in MCF-7 breast cancer cells [45] . By 36 h post-hCG, steroid control shifts in favor of progesterone suppression of cyclin B1 mRNA expression, although the effects of progesterone on other markers are divergent (i.e., increased Ki-67, decreased p27 [see below]). The effects of progesterone are likely dictated by cell-specific parameters (e.g., degree of luteinization) and may be associated with the 10% Ki-67-positive granulosa cells observed at this time.
The mRNAs for the CKI p21 and p27 increase following the ovulatory stimulus, but their temporal expression profile is different: p21 increases within 12 h of hCG administration and declines thereafter, whereas p27 does not increase until 36 h. A similar expression profile for p21 and p27 exists in rats [6] , supporting a general role for these genes in the control of granulosa cell proliferation during the periovulatory interval. In p27 Ϫ/Ϫ mice, luteal cells continue to proliferate, suggesting that the rise in p27 is essential to prevent the cell cycle in luteal cells [9] . However, the expression of p27 increases after the apparent drop in proliferation in rats [3, 6] and primates (current study), whereas the increase in p21 correlates well in both species with the decline in proliferation. Thus, the early rise in p21 appears to be essential for the initial drop in mitosis in granulosa cells. In contrast, p27 inhibits both proliferation and apoptosis following inflammatory injury in renal glomerular cells [46] , suggesting that p27 induces cell-cycle arrest during stress conditions, of which follicle rupture could qualify. The late (36 h) increase in p27 may play an important role in the development and function of the primate corpus luteum.
Steroids do not have a clear role in the regulation of CKI expression in granulosa cells from primates undergoing controlled ovarian stimulation. However, p27 mRNA is suppressed by progestins 12 h after hCG administration, and p21 mRNA tends to be reduced following steroid depletion at this time as well. Evidence exists that progesterone regulates the timing of indices relating to luteinization [22] , and progestin suppression of p27 at 12 h post-hCG supports this hypothesis. Similarly, unopposed progestin (TRL ϩ R5020) at 36 h post-hCG results in p27 mRNA levels that are not different than those at 0 and 12 h, suggesting that progesterone plus other steroids interact to regulate p27 in granulosa-lutein cells. Progesterone can have biphasic growth-regulatory properties in breast cancer cells, with the initial progestin stimulus accelerating cells through one round of division and subsequent exposure inducing arrest at the G1/S boundary [2] . Similarly, in primate granulosa cells, progestins may regulate the temporal sequence of events leading to cell-cycle arrest, such as by holding p27 and cyclin E mRNA levels in check.
In summary, granulosa cell proliferation is markedly reduced within 12 h of the administration of an ovulatory hCG bolus during controlled ovarian stimulation cycles in rhesus monkeys. Figure 5 illustrates gonadotropin versus steroid-mediated changes in mRNA levels for various components of the cell cycle. Notably, gonadotropin sequentially increases first p21, followed by p27, whereas steroids suppress the expression of cyclin B1. Whether protein levels for these cyclins change during luteinization is not known. However, mRNA levels of the cell-cycle inhibitor p21 increase in a time frame coincident with the loss of proliferation, whereas a second inhibitor, p27, increases just before the time of ovulation. We thus hypothesize that p21 provides important initial control of the cell cycle following hCG, and that p27 plays a role in maintaining G0/G1 arrest of granulosa-lutein cells around the time of rupture. Steroids do not have a clear role in the decline of granulosa cell proliferation, but they do regulate mRNA levels of key components of the cell cycle and, in particular, regulate the timing of p27 expression. Thus, both the gonadotropin surge and steroids, notably progesterone, likely interact to regulate granulosa cell proliferation during luteinization in primates.
